Sargassum serratifolium ethanolic extract has been known for strong antioxidant and anti-inflammatory properties. We prepared hexane fraction from the ethanolic extract of S. serratifolium (HSS) to improve biological activities. In this study, we investigated the effects of HSS on the inhibition of tumor necrosis factor (TNF)-α-induced monocyte adhesion to human umbilical vein endothelial cells (HUVECs). We found that HSS suppressed the production of cell adhesion molecules such as intracellular adhesion molecule-1 and vascular cell adhesion molecule-1 in TNF-α-induced HUVECs. Moreover, TNF-α-induced production of monocyte chemoattractant protein 1 and keratinocyte chemoattractant was inhibited by HSS treatment. HSS suppressed TNF-α-induced nuclear factor kappa B (NF-κB) activation via preventing proteolytic degradation of inhibitor κB-α. HSS induced the production of heme oxygenase 1 via translocation of Nrf2 into the nucleus in TNF-α-treated HUVECs. Overall, HSS alleviated vascular inflammation through the downregulation of NF-κB activation and the upregulation of Nrf2 activation in TNF-α-induced HUVECs. These results indicate that HSS may be used as therapeutic agents for vascular inflammatory disorders.
Background
Vascular inflammation has been known to play a key role in the progress of atherosclerosis, and enhanced monocyte adhesion to endothelial cells is believed to be one of the earliest events in atherogenesis (Packard and Libby 2008) . Accumulating evidences have revealed that chronic inflammation plays a crucial role in the initiation and progression of atherosclerosis. Monocyte adhesion to endothelial cells is primarily mediated by several intracellular signaling events that lead to the elevated expression of endothelial adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1) (Madge and Pober 2001; Rao et al. 2007) . A vascular endothelium is a key target of tumor necrosis factor (TNF)-α-induced inflammation, which promotes the expression of ICAM-1 and VCAM-1. Monocyte chemoattractant protein (MCP)-1 and keratinocyte chemoattractant (KC) have pivotal roles in recruiting monocytes to the lesion of dysfunctional endothelium. Excess chemokines are found in human atherosclerotic plaques and regulate the interaction between monocytes and vascular endothelial cells (Catalan et al. 2015) . Taking these evidences, inhibition of adhesion molecules and chemokines may be a promising approach to prevent atherosclerosis by blocking monocyte invasion to the vascular inflammatory lesion.
An accumulative evidence suggests that TNF-α, a pleiotropic pro-inflammatory cytokine in the inflammatory cascade, involves in a critical role in vascular inflammation and the subsequent progress of atherosclerosis (Madge and Pober 2001) . TNF-α induces the production of reactive oxygen species (ROS) by the activation of membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in endothelium (Kleinbongard et al. 2010) . Excess ROS produced by TNF-α stimulate the phosphorylation of the inhibitor kB kinase (IKKs) complex, leading to the proteasomal degradation of phosphorylated IκB-a. Thus, free NF-κB dissociated from IκB is translocated into the nucleus and binds to the cis-acting element to regulate the expression of adhesion molecules in endothelium (Huang et al. 2018) . Thus, approaches to regulate endothelial activation are potential strategies to prevent atherosclerosis through the suppression of vascular inflammation.
Sargassaceae family is consumed as food or traditional medicine in Korea and China and various bioactive compounds have been identified as meroterpenoids, phlorotannins, fucoxanthins, and fucosterols (Liu et al. 2012) . Sargassum serratifolium (C. Agardh), a marine brown alga, is broadly distributed throughout the Korean and Japanese coasts. Recently, we reported that ethanolic extract of S. serratifolium showed antioxidant and antiinflammatory activities and active compounds were identified as sargahydroquinoic acid (SHQA), sargachromenol (SCM), and sargaquinoic acid (SQA) Lim et al. 2018; Oh et al. 2016) . Moreover, SCM and SQA isolated from the ethanolic extract of S. serratifolium showed a potent anti-inflammatory activity in LPS-stimulated macrophages and antiatherogenic activities in TNF-α-treated human umbilical vein endothelial cells (HUVECs), respectively Gwon et al. 2015; Joung et al. 2015) . We prepared a meroterpenoid-rich fraction from the ethanolic extract of S. serratifolium (MES) by removing salts and water-soluble saccharides, and the combined amount of SHQA, SCM, and SQA was estimated to be 46 g in 100 g of MES (Gwon et al. 2018; Kwon et al. 2018) . To further concentrate active compound in MES, we fractionated MES with n-hexane, and resulting n-hexane fraction from the ethanolic extract of S. serratifolium (HSS) contained 64% of three components in HSS. For a better understanding of pharmacological actions of HSS, we examined the vascular anti-inflammatory actions of HSS in TNF-α-stimulated HUVECs.
Methods

Reagents
Endothelial cell growth medium (EGM-2), growth supplements, and primary cultured HUVEC were obtained from Lonza (Walkersville, MD, USA (Azam et al. 2017; Joung et al. 2017) . Quantification of SHQA, SCM, and SQA in HSS was performed with the method described previously , and the contents of SHQA, SCM, and SQA in 100 g of HSS were estimated to be 52.4 ± 3.3, 8.26 ± 0.82, and 3.0 ± 0.21 g, respectively, as determined by calibration curves (Lim et al. 2019) .
Cell culture and treatment
HUVECs were grown in EGM-2 medium with 2% fetal bovine serum (FBS) and endothelial growth supplement and used between passage 3 and 6. HUVECs were cultured in 100-mm dishes at a concentration of 5 × 10 5 cells/dish in EGM-2 medium. Human monocytic THP-1 cells (KCLB, Seoul, Korea) were maintained in RPMI-1640 containing 10% FBS (GIBCO, Grand Island, NY, USA). Both cells were maintained at 37°C in a humidified chamber containing 5% CO 2 and 95% air. HSS was dissolved in dimethyl sulfoxide (DMSO), and the final DMSO concentration in all assays was adjusted to 0.1%.
Measurement of cell viability
The cytotoxicity of HSS was determined by MTS assay. HUVECs were pretreated with a serial dilution of HSS for 1 h and then stimulated with TNF-α (10 ng/mL) for an additional 24 h, except for control wells. MTS solution with fresh medium was added to each well. After 1 h, the absorbance was measured at 490 nm with a microplate reader (GloMax Multi Detection System, Promega).
Measurement of MCP-1 and KC by ELISA
Cells were inoculated in 12-well plates at a density of 1.5 × 10 5 cells/well and pretreated with 2.5, 5.0, and 10 μg/mL of HSS for 1 h prior to TNF-α (10 ng/mL) stimulation for 24 h. Culture medium was collected after centrifugation at 2000×g for 10 min and stored at − 80°C until testing. Levels of MCP-1 and KC in culture media were quantitively determined by ELISA kit according to the manufacturer's instruction.
Cell-based enzyme-linked immunosorbent assay
The expression of ICAM-1 and VCAM-1 on the surface of HUVECs was assessed using ELISA, as previously described . Briefly, HUVECs were pretreated with HSS (2.5, 5.0, and 10.0 μg/mL) for 1 h followed by TNF-α treatment (10 ng/mL) for 6 h. The cells were then fixed by 1% paraformaldehyde and then blocked with 2% bovine serum albumin (BSA) at room temperature. Subsequently, the cells were incubated with mouse anti-human ICAM-1 or VCAM-1 antibodies for 2 h and washed with phosphate-buffered saline (PBS). Cells were incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody and washed, followed by peroxidase substrate solution. The absorbance at 490 nm was measured using a microplate reader (Glomax Multi Detection System, Promega).
Reverse transcription-polymerase chain reaction
The mRNA levels of ICAM-1 and VCAM-1 in HUVECs were determined using RT-PCR. Total RNA was extracted from HUVECs by QIAzol reagent according to the manufacturer's instructions. Five micrograms of total RNA were used for reverse transcription using oligodT-adaptor primer and superscript reverse transcriptase. PCR was performed with the gene-specific primers (Table 1) . PCR products were observed by electrophoresis in agarose gels and visualized with UV light after staining with ethidium bromide. Densitometric analysis was performed using EZ-Capture II (ATTO and Rise Co., Tokyo, Japan) and CS analyzer (ver. 3.00 software, ATTO).
Preparation of cytosolic and nuclear extracts
HUVECs were seeded in a culture dish at a density of 6 × 10 5 cells/dish. Cultured cells were pretreated with 0, 2.5, 5.0, and 10.0 μg/mL of HSS for 1 h and stimulated with TNF-α for 30 min. Separation of cytosolic and nucleus fraction was performed as previously described .
Western blot analysis
HUVECs pretreated with 0, 2.5, 5.0, and 10.0 μg/mL HSS for 1 h were stimulated with TNF-α (10 ng/mL) at times indicated in the figure legends. Cells were washed twice with cold PBS and lysed with lysis buffer on ice for 20 min. After centrifugation at 12,000×g for 20 min, the protein concentrations of the supernatants were determined and an equal amount of protein was loaded on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for protein separation. The specific procedure for Western blot is described in our previous paper . The antibodies against ICAM-1, VCAM-1, HO-1, pIKK-β, IKK-β, pIκB-α, and IκB-α were diluted to 1/3000, and those against NF-κB, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), poly (ADP-ribose) polymerase (PARP), β-actin, and Nrf2 were diluted to 1/1000 with Tris-buffered saline.
Determination of intracellular ROS levels
The levels of intracellular ROS in HUVECs were measured using fluorescent probe DCFH-DA. HUVECs in the 96-well black plate were pretreated with 0, 2.5, 5.0, and 10.0 μg/mL HSS for 1 h and then incubated 
with 20 μM DCFH-DA for 30 min. The cells were stimulated with TNF-α (10 ng/mL) for 1 h. The fluorescence levels were determined using a fluorescence microplate reader (Em 485 nm and Ex 528 nm).
Immunofluorescence analysis
To assess the translocation of NF-κB, HUVECs were grown on 8-well chamber slides (SPL Life Sciences Co., Gyeonggi-do, Korea) and stimulated with TNF-α (10 ng/mL) for 30 min after HSS pretreatment for 1 h. The cells were fixed with 4% paraformaldehyde in PBS for 15 min. After washing with PBS, the cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min. After blocking with 3% BSA/PBS for 30 min, cells were incubated with an anti-NF-κB antibody for 2 h followed by Alexa Fluor® 488-conjugated secondary antibody for 1 h. Cells were stained with 2 μg/mL DAPI and images were captured using a confocal microscope.
Statistical analysis
Data are expressed as the means ± standard deviations (SDs). Data analysis was performed using ANOVA followed by the Bonferroni test. P values < 0.05 were considered statistically significant. SPSS for Windows, version 10.07 (SPSS Inc., Chicago, IL, USA) was used for all analyses.
Results
Inhibitory activity of EtOH extract and its solvent-soluble fractions on ICAM-1 and VCAM-1 production
In order to evaluate the vascular anti-inflammatory potential of S. serratifolium, the EtOH extract and its solvent-soluble fractions were tested using TNF-α-treated HUVECs. Inhibitory effects (IC 50 ) of these fractions on the adhesion molecules were determined with non-toxic concentration by Western blot using TNF-α-stimulated HUVECs. As shown in Table 2 , IC 50 values of EtOH, HSS, and EtOAc for the inhibition of ICAM-1 were estimated to be 7.25 ± 0.53 (μg/mL), 4.55 ± 0.52 (μg/mL), and 2.29 ± 0.13 (μg/mL), respectively. IC 50 values of EtOH, HSS, and EtOAc for the inhibition of VCAM-1 were also determined to be 6.67 ± 0.31 (μg/mL), 3.61 ± 0.22 (μg/mL), and 4.53 ± 0.28 (μg/mL), respectively. With n-Hexane fractionation, HSS showed 1.6-fold and 1.8-fold stronger inhibitory activity on the production of ICAM-1 and VCAM-1, respectively, than MES. However, the n-butanol and H 2 O fraction were not inhibited ICAM-1 and VCAM-1 production. Although EtOAc fraction showed selectively higher inhibitory activity for ICAM-1 production, active compounds in the EtOAc were not identified. Thus, we investigated molecular mechanisms of HSS on the inhibition of vascular inflammation using TNF-α-stimulated HUVECs.
HSS inhibits the production of TNF-α-induced adhesion molecules
To examine the cytotoxicity of HSS, the viability of HUVECs was measured by the MTS assay. HUVECs were cultured in 96-well microplates for 24 h and pretreated with various concentrations of HSS (2.5, 5.0, and 10.0 μg/mL) followed by TNF-α-stimulation. The viability was not influenced up to 10.0 μg/mL of HSS in HUVECs (Fig. 1a) . Since monocyte adhesion to HUVECs is critically regulated by ICAM-1 and VCAM-1, we assessed the production of ICAM-1 and VCAM-1 protein using Western blot. The expression levels of both adhesion molecules were remarkably elevated in TNF-α-treated HUVECs (Fig. 1b) . Pretreatment of HSS at 5.0 μg/mL notably reduced the production of ICAM-1 and VCAM-1 by 66.1% and 52.7%, respectively, which shows stronger inhibitory activity for adhesion molecules than EtOH extract. To further investigate the effect of HSS on ICAM-1 and VCAM-1 mRNA expression, RT-PCR was performed. Our data showed that HSS dose-dependently suppressed mRNA expression of both adhesion genes in TNF-α-treated HUVECs (Fig. 1c) . Furthermore, the result of cell-based ELISA assay showed that HSS suppressed the expression of ICAM-1 and VCAM-1 in TNF-α-treated HUVECs in a dosedependent manner (Fig. 1d) . These data indicate that the HSS-mediated downregulation of adhesion molecules in TNF-α-treated endothelium is primarily attributable to their transcriptional regulation.
HSS suppresses TNF-α-induced chemokine production
Recruitment of monocytes to endothelium is largely regulated by chemokines, including MCP-1 and KC. As shown in Fig. 2 , exposure of TNF-α to HUVECs for 6 h enhanced the production of MCP-1 (Fig. 2a) and KC (Fig. 2b) . HSS pretreatment as low as 2.5 μg/mL inhibited TNF-α-induced production of both chemokines. Pretreatment with 10 μg/mL HSS decreased the production Yield is showing the amount of each fraction in 100 g of ethanolic extract of both chemokines to control level. This result indicates that HSS suppresses recruitment of monocytes to endothelium by inhibition of chemokine production.
HSS inhibits TNF-α-induced NF-κB activation in HUVECs
To assess whether HSS inhibits the translocation of NF-κB into the nucleus, microscopic analysis was performed. Confocal observation indicated that NF-κB/p65 was predominantly localized in the perinuclear compartment under unstimulated condition. With TNF-α treatment, most of cytoplasmic NF-κB/p65 translocated to the nucleus (Fig. 3a) . However, HSS pretreatment at 10 μg/mL markedly inhibited the NF-κB/p65 translocation into the nucleus. For further investigating the molecular mechanism underlying HSS-mediated inhibition of NF-κB/p65 translocation in TNF-α-stimulated cells, we examined the phosphorylation of inhibitor κB kinase (IKK)-β and IκB-α that are associated with the NF-κB activation. TNF-α markedly caused the phosphorylation of IKK-β and led to IκB-α phosphorylation, whereas HSS dose-dependently inhibited the phosphorylation of both proteins (Fig. 3b ). The phosphorylation level of cytosolic IκB-α at 10 μg/mL HSS was comparable to the control group possibly due to the inhibitory effect of HSS on the phosphorylation IKK-β (Fig. 3b) . In addition, TNF-α-mediated increase in NF-κB protein level in the nucleus was dose-dependently decreased by HSS treatment (Fig. 3b) . These results suggest that the HSS-mediated inhibition of adhesion molecules and chemokines are largely regulated by the NF-κB pathway in the TNF-α-stimulated cells. TNF-α activates the membrane-bound NADPH oxidase in endothelium which stimulates ROS production, a second messenger for NF-κB activation (Kim et al. 2008) . We examined the inhibitory effects of the HSS on intracellular ROS accumulation in TNF-α-treated HUVECs. TNF-α-induced ROS was markedly reduced by HSS pretreatment (Fig. 3C , P < 0.05), indicating that intrinsic antioxidant A B C D Fig. 1 Effect of HSS on the production of TNF-α-induced ICAM-1 and VCAM-1 expression in HUVECs. a Cytotoxic effect of HSS was measured by MTS assay. b Cells pretreated with the indicated concentration of HSS for 1 h were stimulated with TNF-α for 6 h. Equal amounts of total protein were separated by 10% SDS-PAGE. The expression of ICAM-1, VCAM-1, and β-actin was examined by Western blot using corresponding antibodies. c Cells pretreated with the indicated concentration of HSS for 1 h were stimulated with TNF-α for 6 h, and total RNA was prepared for RT-PCR. d Fixed cells with 1% paraformaldehyde were analyzed by ELISA for the cell surface expression of ICAM-1 and VCAM-1. The values are shown as the means ± SDs from three independent experiments. # P < 0.05 represents significant differences versus the non-treated group. *P < 0.05 represents significant differences versus the TNF-α-only group activity of HSS is associated with inhibiting NF-κB activation through scavenging ROS induced by TNF-α treatment.
HSS induces HO-1 production through Nrf2 activation
Increased endogenous HO-1 provides cellular protection against TNF-α-induced ROS. Therefore, we determined the effect of HSS on the production of HO-1 protein and mRNA by Western blot and RT-PCR, respectively. HSS treatment caused an increased production of HO-1 protein and mRNA in a dose-dependent manner (Fig. 4a) . We further determined the effect of HSS on the production of Nrf2, a key regulator of the HO-1 expression. As shown in Fig. 4b , HSS induced the production of Nrf2 determined by Western blot in TNF-α-induced cells. These results implicate that HSS suppresses vascular inflammation through the induction of HO-1 via Nrf2 activation in TNF-α-treated HUVECs.
Discussion
Our previous study reported that the ethanolic extract of S. serratifolium suppressed the production of vascular inflammatory proteins in serum and aorta tissue in high cholesterol diet-fed mice. The anti-atherogenic components in the extract were identified as SHQA, SCM, and SQA which showed strong anti-inflammatory and antioxidant activities (Gwon et al. 2018; Lim et al. 2019) . The quantification data suggest that the contents of SHQA, SCM, and SQA in 100 g of meroterpenoid-rich extract from S. serratifolium (MES) were estimated to be 37.6 ± 2.1, 6.23 ± 0.36, and 1.89 ± 0.10 g, respectively . To obtain a higher concentration of meroterpenoids from MES, we fractionated MES with n-hexane and the content of each component in HSS was comprised to be 52.4 ± 3.3 g for SHQA, 8.26 ± 0.82 g for SCM, and 3.0 ± 0.21 for SQA as determined by calibration curves (Lim et al. 2019) . In the present study, we found that HSS showed a higher capacity for the suppression of ICAM-1, VCAM-1, and MCP-1 expression compared with MES. HSS suppressed the TNF-α-induced NF-κB activation by blocking IκB-α degradation. Additionally, HSS alleviated vascular inflammation by the production of HO-1 via Nrf2 activation. To our knowledge, this is in vitro evidence that HSS is a potent anti-inflammatory agent to alleviate vascular inflammation and to improve endothelial dysfunction.
Adhesion of circulating monocytes to vascular endothelium is an initial step in triggering vascular inflammation leading to atherosclerosis (Madge and Pober 2001) . Pro-inflammatory stimuli, such as TNF-α exposure, initiate the expression of adhesion molecules that stimulate the attachment of circulating lymphocytes and monocytes to endothelium (Packard and Libby 2008) . In this respect, the adhesion molecules such as VCAM-1 and ICAM-1 are well-known vascular inflammatory markers, which are related to tight adhesion of monocytes in atherosclerotic lesion of the endothelium (Packard and Libby 2008) . Both adhesion molecules are largely produced in advanced human coronary atherosclerotic plaque and in experimental atherosclerosis animals (Catapano et al. 2017; Nallasamy et al. 2014) . Our results implied that HSS blocked the TNF-α-induced endothelial production of VCAM-1 and ICAM-1in HUVECs. These data indicate that the vascular anti-inflammatory action of HSS on TNF-α-treated cells is mainly regulated by suppressing the production of adhesion molecules. Specifically, the current findings indicate that the HSS-mediated decline of adhesion molecules is closely associated with transcriptional regulation of ICAM-1 and VCAM-1 mRNA expression in TNF-α-treated HUVECs. Fig. 2 Effect of HSS on the production of MCP-1 and KC in TNF-α-induced HUVECs. Cells pretreated with the indicated concentration of HSS for 1 h were stimulated with TNF-α for 24 h. The levels of MCP-1 (a) and KC (b) were examined by ELISA. The values are shown as the means ± SDs from three independent experiments. # P < 0.05 represents significant differences versus the control group. *P < 0.05 represents significant differences versus the TNF-α-only group Chemokine produced by activated endothelium play pivotal roles for chemotactic attachment of circulating monocytes in the intima of the blood vessel. Chemokine stimulates sturdy adhesion of infiltrated monocytes to vascular endothelium which is a noticeable pathological mark in the early stage of atherogenesis (Chen et al. 2004) . Accumulating evidence demonstrated that local overexpression of MCP-1 in vascular tissues promotes cooperation of monocytes/macrophages and formation of atherosclerotic lesion (Namiki et al. 2002) . Chemokine KC is identified as the first chemokine responsible for monocyte arrest on early atherosclerotic lesion (Huo et al. 2001) . KC stimulates monocyte adhesion in carotid arteries in the early atherosclerotic A B C Fig. 3 Effect of HSS on the NF-κB translocation in TNF-α-treated HUVECs. a Cells were pretreated with or without HSS for 1 h followed by TNF-α treatment for 30 min. The subunits of NF-κB/p65 were detected by using anti-NF-κB polyclonal antibody and Alexa Fluor® 488-conjugated secondary antibody. The nuclei were detected by DAPI staining and confocal microscopy was used to capture the images. b Cells were incubated with an indicated concentration of HSS for 1 h and exposed to TNF-α (10 ng/mL) for 30 min. Cytosolic and nucleus fractions were analyzed by Western blotting. c The cells pretreated with the indicated concentrations of HSS for 1 h were stimulated with TNF-α (10 ng/mL) for 30 min. ROS was determined by DCFH-DA with fluorescent analysis. The values are shown as the means ± SDs from three independent experiments. # P < 0.05 represents significant differences versus the control group. *P < 0.05 represents significant differences versus the TNF-α-only group lesion in mice (Huo et al. 2001 ). Both MCP-1 and KC are crucial chemokines to the progression of atherosclerosis, due to their abilities to recruit monocytes to the intima of the blood vessel (Chen et al. 2004) . In this study, HSS inhibited the TNF-α-induced production of MCP-1 and KC in TNF-α-treated HUVECs. These results suggest that the anti-inflammatory action of HSS on TNF-α-induced endothelium is mediated at least partially by inhibition of chemokine production.
A B
NF-κB is an essential transcription factor associated with the expression of adhesion molecules and chemokines (Huang et al. 2018 ). As discussed above, adhesion of monocyte to endothelium is stimulated through adhesion molecules and chemokines, including ICAM-1, VCAM-1, MCP-1, and KC in endothelial cells (De Filippo et al. 2008) . The expression of these molecules is increased by NF-κB activation. In unstimulated conditions, NF-κB is primarily distributed in the cytoplasm as an inactive complex bound to IκB-α. Excess ROS produced by TNF-α treatment induce the phosphorylation of IKK complex, which leads to the phosphorylation of IκB-α, thereby leading to the degradation of IκB-α and translocation of NF-κB into the nucleus (Madge and Pober 2001; Zhang et al. 2009 ). Thus, NF-κB is an important target for designing pharmaceutical agents for interfering with the development and progression of atherosclerosis. Although mechanisms underlying HSSmediated NF-κB regulation are uncertain, the current study indicates that HSS suppresses NF-κB activation by inhibiting proteolytic degradation of IκB-α induced by TNF-α in HUVECs. The confocal microscopic observation indicates that HSS blocked NF-κB translocation into the nucleus induced by TNF-α in HUVECs. Therefore, these results showed the ability of HSS to suppress TNF-α-mediated NF-κB activation in HUVECs. In the current study, we found that HSS treatment remarkably reduced TNF-α-induced ROS production in HUVECs, suggesting that HSS retains strong antioxidant capacity. Hence, it is likely that the reductions of ICAM-1, VCAM-1, MCP-1, and KC expression in HUVECs are mainly related to the regulation of NF-κB pathway through the removal of ROS by HSS's intrinsic antioxidant activity.
Nrf2 is the primary transcription factor to regulate antioxidant proteins including HO-1 which is an enzyme that catalyzes the degradation of heme to ferric iron, carbon monoxide, and biliverdin as reaction products. Resulting biliverdin is enzymatically converted to bilirubin by biliverdin reductase (Ayer et al. 2016) . HO-1 metabolites are known to have antioxidant, anti-inflammatory, and anti-atherogenic effects (Ishikawa et al. 2001) . In vitro studies show that overexpression of HO-1 attenuates endothelial dysfunction via suppressing the production of VCAM-1, MCP-1, and macrophage stimulating factor in TNF-α-treated vascular endothelial cells (Kawamura et al. 2005 ). Recent studies demonstrate that HO-1 enhances vascular protective and anti-atherogenic actions, and its expression in endothelial cells attenuates atherosclerosis Kato et al. 2001) . In this study, we found that HSS pretreatment markedly increased the production of HO-1 protein and mRNA which are caused by A B Fig. 4 Effect of HSS on HO-1 production and Nrf2 activation in TNF-α-induced HUVECs. a Cells pretreated with the indicated concentration of HSS for 1 h were stimulated with TNF-α for 16 h (RT-PCR) or 24 h (Western blot). b Cells pretreated with the indicated concentration of HSS for 1 h were stimulated with TNF-α for 30 min. The proteins were analyzed by Western blotting using corresponding antibodies. The values are shown as the means ± SDs from three independent experiments. # P < 0.05 represents significant differences versus the control group. *P < 0.05 represents significant differences versus the TNF-α-only group translocation of Nrf2 into the nucleus. Thus, enhanced HO-1 expression by HSS attributes to the removal of ROS induced by TNF-α treatment. This study appears to be the first finding to address characteristics of HSS in the inhibition of vascular inflammation in TNF-α-induced HUVECs.
Conclusions
In summary, we have shown that HSS inhibits the mRNA and protein expression of adhesion molecules including ICAM-1 and VCAM-1 in TNF-α-stimulated HUVECs. Furthermore, the vascular anti-inflammatory roles of HSS in TNF-α-treated cells appear to be closely related to the inactivation of the NF-κB as well as the activation of Nrf2 pathways. Further confirmation of vascular anti-inflammatory effects of HSS and underlying mechanisms in animal models will be important for the therapeutic application of HSS for treating vascular inflammation-associated diseases.
